Objective : The beneficial effect of hypothermia after hemicraniectomy in malignant middle cerebral artery (MCA) infarction has been controversial. We aim to investigate the safety and clinical efficacy of hypothermia after hemicraniectomy in malignant MCA infarction. Methods : From October 2012 to February 2016, 20 patients underwent hypothermia (Blanketrol III, Cincinnati Sub-Zero, Cincinnati, OH, USA) at 34°C after hemicraniectomy in malignant MCA infarction (hypothermia group). The indication of hypothermia included acute cerebral infarction >2/3 of MCA territory and a Glasgow coma scale (GCS) score <11 with a midline shift >10 mm or transtentorial herniation sign (a fixed and dilated pupil). We retrospectively collected 27 patients, as the control group, who had undergone hemicraniectomy alone and simultaneously met the inclusion criteria of hypothermia between January 2010 and September 2012, before hypothermia was implemented as a treatment strategy in Dong-A University Hospital. We compared the mortality rate between the two groups and investigated hypothermia-related complications, such as postoperative bleeding, pneumonia, sepsis and arrhythmia. Results : The age, preoperative infarct volume, GCS score, National institutes of Health Stroke Scale score, and degree of midline shift were not significantly different between the two groups. Of the 20 patients in the hypothermia group, 11 patients were induced with hypothermia immediately after hemicraniectomy and hypothermia was initiated in 9 patients after the decision of hypothermia during postoperative care. The duration of hypothermia was 4±2 days (range, 1 to 7 days). The side effects of hypothermia included two patients with arrhythmia, one with sepsis, one with pneumonia, and one with hypotension. Three cases of hypothermia were discontinued due to these side effects (one sepsis, one hypotension, and one bradycardia). The mortality rate of the hypothermia group was 15.0% and that of the control group was 40.7% (p=0.056). On the basis of the logistic regression analysis, hypothermia was considered to contribute to the decrease in mortality rate (odds ratio, 6.21; 95% confidence interval, 1.04 to 37.05; p=0.045). Conclusion : This study suggests that hypothermia after hemicraniectomy is a viable option when the progression of patients with malignant MCA infarction indicate poor prognosis. 
INTRODUCTION
Two to 10% of all ischaemic strokes are classified as malignant middle cerebral artery (MCA) infarction 9) , which is one of the most catastrophic forms of ischaemic stroke. The prognosis of malignant MCA infarction is very poor : approximately 70-80% patients die within the first week after stroke onset despite maximal medical treatment 3, 8, 9, 27) . Although hemicraniectomy has been shown to reduce mortality in malignant MCA infarction, approximately 20-30% patients still die in the acute phase [12] [13] [14] 29, 30) . Of the conservative measures in malignant MCA infarction, only hypothermia revealed some beneficial effects 10) . Hypothermia is an effective therapy to reduce cerebral oedema and intracranial pressure (ICP) 17, 22) . The combined treatment of hypothermia and hemicraniectomy could further reduce mortality in malignant MCA infarction. However, there is some hesitation to the clinical application of hypothermia after hemicraniectomy due to an increased risk of complications, such as infection, coagulopathy, and cardiovascular problems. A therapeutic hypothermia strategy has been recently used in our centre as a last rescue treatment when the progression of the patients indicate poor prognosis after hemicraniectomy. In this study, we investigated the clinical efficacy and safety of hypothermia treatment after hemicraniectomy in patients with malignant MCA infarction.
MATERIALS AND METHODS

Patient selection
The patients were collected from our prospectively maintained stroke registry between January 2010 and February 2016. During this period, a total of 103 patients with malignant MCA infarction underwent decompressive hemicraniectomy in Dong-A University Hospital. Of these patients, 59 patients were treated before implementation of hypothermia as a treatment strategy in November 2012 (early period), and 44 thereafter (late period). From November 2012 to February 2016, 20 patients were treated with hypothermia at 34°C after the hemicraniectomy (hypothermia group). The indication of hypothermia included acute cerebral infarction involving more than two-thirds of MCA territory and a mental status decrease to stupor or worse (a Glasgow coma scale [GCS] score <11) with midline shift >10 mm or a transtentorial herniation sign (a fixed and dilated pupil). We retrospectively collected 27 patients, as the control group, who had underwent hemicraniectomy alone and simultaneously met the inclusion criteria of hypothermia between January 2010 and October 2012. Our Institutional Review Board approved this study for retrospective analysis.
Hypothermia protocol
In all patients in the hypothermia group, hypothermia was induced immediately after hemicraniectomy or after the decision of hypothermia during postoperative care. Hypothermia was achieved by a servo-controlled water-filled thermal blanket set to maintain the rectal temperature at 34°C (Blanketrol III, Cincinnati Sub-Zero, Cincinnati, OH, USA). The duration of hypothermia was determined according to the findings of follow-up CT scans, which were routinely performed every 2 to 3 days, as well as the condition of the patient. Active rewarming was attempted by a rate of 0.2°C/hr. The patients were sedated with midazolam (0.02 to 0.1 mg/kg/hr) and vecuronium (0.8 to 1.4 mcg/kg/min) during hypothermia. The patients were ventilated with continuous mandatory ventilation mode, and pCO 2 was maintained between 30 and 40 mmHg. Forced hyperventilation was not used in any case. All patients were positioned at approximately 30° head elevation. Crystalloid/ colloid fluids or catecholamine were applied to maintain a mean blood pressure of 90-110 mmHg. Mannitol (0.9 to 1.5 g/kg/day) was administered every 4 hours to all the patients in both groups during the first 7 days. Fluid homeostasis was maintained by confirming fluid intake and output every hour, aimed at a central venous pressure between 8 and 12 cm H 2 O. Serum blood glucose was maintained between 100 and 200 mg/dL by insulin administration if necessary.
Hypothermia-related complications, such as pneumonia, sepsis, coagulation disorders, postoperative bleeding (haemorrhagic transformation, epidural haematoma, and subdural haematoma), cardiac arrhythmia, bradycardia (<40 beats/min), and arterial hypotension (mean arterial blood pressure <80 mmHg) were investigated. A complete blood count, coagulation parameters, and serum levels of liver and pancreas enzymes, urea and creatinine were determined daily, and electrolytes and blood gas analysis were determined every 6 hours. In addition, a chest X-ray was performed daily.
Surgical methods
In the hypothermia group and control group, decompressive hemicraniectomy was performed in the same manner by two neurosurgeons (H.S and J.H) during this study as described elsewhere 7) . Briefly, a bone flap with a diameter of approximately 14 cm, including the frontal, parietal, temporal and partial occipital squama was removed. The dura was tacked at the craniotomy margin to prevent epidural haematoma. The dura was then widely opened for sufficient decompression, and an autologous or artificial dural patch was placed in the incision. The bone flap was stored under sterile conditions and routinely reimplanted after 3 months.
Data collection and outcome evaluation
Clinical assessment was based on the GCS scores and National Institute of Health Stroke Scale (NIHSS) scores, which were investigated immediately after admission and before hemicraniectomy. The extent of cerebral infarction and the degree of midline shift was evaluated on the basis of the follow-up computed tomography (CT) scans within 7 days after stroke onset. The following clinical and radiological data were compared between the two groups : sex, age, infarct location, preoperative infarct volume, preoperative GCS and NIHSS scores, the maximal degree of midline shift on the follow-up CT scan within 7 days from stroke onset, the time interval between symptom onset and hemicraniectomy, and the duration of stay in the intensive care unit of survivors. Primary outcome was defined as either death or survival within the hospital. Assessment of mortality was differentiated into death caused by brain herniation and death as a consequence of treatment-related problems (i.e., pneumonia, sepsis, arrhythmia, cardiac failure, or coagulopathy) or any intra-or perioperative complications (i.e., intraoperative bleeding, postoperative intracerebral haemorrhage, subdural or epidural haemorrhage, or infection of the wound).
Statistics
Statistical analysis was performed using SPSS software version 21.0 (IBM Corp., Armonk, NY, USA). The chi-squared test, Student t-test, and Mann-Whitney U tests were used as appropriate for comparisons of baseline demographics between the hypothermia and control groups. Normally distributed variables were expressed as the mean±standard deviation, and non-normally distributed variables were expressed as the median and interquartile range (IQR). Logistic regression analysis was performed to calculate the independent contributions of variables for survival. Statistical significance was established at p<0.05.
RESULTS
The target temperature of 34°C was reached within 5±1 hours (range, 3 to 12 hours). Hypothermia was maintained for 4±2 days (range, 1 to 7 days). Of the 20 patients in the hypothermia group, 11 patients were induced with hypothermia immediately after hemicraniectomy. Nine patients of them were induced with hypothermia after the decision of hypothermia during postoperative care, and the time interval between hemicraniectomy and induction of hypothermia was 2.8±1.6 days. Seven patients (35%) showed a transtentorial herniation sign (a fixed and dilated pupil) before hypothermia among 20 patients in the hypothermia group.
Baseline characteristics
This study included 47 patients who met the inclusion criteria of hypothermia after decompressive craniectomy : there were 12 males and eight females in the hypothermia group, and there were 17 males and 10 females in the control group (p=0.836). There are no significant differences between the hypothermia group and control group with regard to age (62± 10 years and 59±11 years, p=0.241), preoperative infarct volume (216±63 mL and 218±59 mL, p=0.923), GCS score (8±1 and 8±1, p=0.401) and NIHSS score (18±4 and 17±3, p=0.627) before surgery, maximal degree of midline shift (15±3 mm and 14±2 mm, p=0.540), and time interval between symptom onset and hemicraniectomy (29 
Clinical outcome
There was no statistically significant difference of in-hospital mortality between the hypothermia group and the control group, but the mortality of hypothermia group tended to be lower than that of the control group (15.0% vs. 40.7%, p=0.056). In the hypothermia group, the causes of death were transtentorial herniation in two patients and cardiac failure in one patient. In the control group, the causes of death were transtentorial herniation in seven patients, pneumonia in two patients, pulmonary thromboembolism in one patient, and acute kid- Table 2) . Of the 20 patients in the hypothermia group, 18 patients were followed at one year and five patients (27.8%) died within one year, and 25 patients were followed at one year among 27 patients in the control group and 13 patients (52.0%) died within one year (p=0.112). Functional outcomes after 12 months were not statistically different between both groups (p=0.357).
Hypothermia-related complications and serious adverse events in the intensive care unit
The side effects of hypothermia included two patients with 
Illustrative case 1
A 54-year-old male presented with left-sided hemiparesis and dysarthria (NIHSS 7) at admission. The magnetic resonance image (MRI) revealed a right-sided MCA infarction (Fig.  1) . He underwent endovascular treatment, but its recanalisation failed due to complete occlusion of right cervical internal carotid artery. One day after admission, his neurological symptoms worsened (NIHSS 15) and he underwent decompressive hemicraniectomy. Four days after hemicraniectomy, his men- tality worsened to stupor and follow-up CT revealed a marked midline shift at that time. He was immediately cooled to 34°C and hypothermia maintained for four days. The patient gradually improved after hypothermia without any serious adverse events and was transferred to the rehabilitation department. The patient underwent cranioplasty three months after hemicraniectomy, and he could walk without assistance one year later.
Illustrative case 2
A 64-year-old male (left handed) presented to the emergency room with right-sided hemiparesis and aphasia one hour after symptom onset (NIHSS 18). The MRI revealed a right-sided malignant MCA infarction (Fig. 2) . One day after admission, his mentality decreased to a drowsy state and the follow-up CT showed an increase in brain swelling with haemorrhagic transformation. The patient underwent decompressive hemicraniectomy. One day after hemicraniectomy, his mentality decreased to a stupor state and the follow-up CT revealed an increase in brain swelling with an increase in haemorrhagic transformation. Hypothermia was immediately induced with 34°C and maintained for seven days. After hypothermia, the patient gradually improved without serious adverse events. He underwent cranioplasty three months later, and he could walk without assistance 10 months after the event.
DISCUSSION
Combined therapy of hemicraniectomy and hypothermia for malignant MCA infarction
Although hemicraniectomy clearly reduces the mortality rate in patients with malignant MCA infarction, approximately 20-30% patients still die in the acute phase [12] [13] [14] 29, 30) . We propose that there is still potential for a decrease in the mortality rate in the treatment for patients with malignant MCA infarction. Therapeutic hypothermia is used for the neuroprotection or prevention of cerebral oedema in acute cerebral infarction. Combined therapy of hemicraniectomy and hypothermia could further reduce the mortality rate, although there are rare studies in the literature. There has been only one study about efficacy of hypothermia combined with hemicraniectomy in malignant MCA infarction, in where Els et al. 7) reported that combined therapy with hemicraniectomy and mild hypothermia at 35°C for 48 hours improved functional outcome compared with hemicraniectomy alone. However, in their study, there were no significant differences in the overall mortality rate between the combined therapy group and hemicraniectomy alone group 7) , potentially due to several reasons, including small sample size and the inclusion criteria of hypothermia, that is, "all patients diagnosed with malignant MCA infarction". In this study, hypothermia contributed to the decrease in mortality rate on the basis of the logistic regression analysis (OR, 6.21; 95% CI, 1.04 to 37.05; p=0.045). We believe that the main reason of the result difference in mortality compared with Els et al. 7) 's study is that this study included selected patients whose mental status decrease to stupor or worse with midline shift >10 mm or a transtentorial herniation sign (a fixed and dilated pupil), which means that this study only included patients implying poor prognosis. Furthermore, the target temperature in our study was lower (34°C) and the duration of hypothermia was longer when comparing with Els et al. 7) 's study. Hypothermia strategies, such as target temperature and duration of hypothermia, can differ according to the purpose of the hypothermia treatment, such as neuroprotection or reduction of cerebral oedema. Most hypothermia studies investigated the neuroprotective effects in acute cerebral infarction 5, 11, 15, [18] [19] [20] , but there have been rare clinical reports regarding the reduction in cerebral oedema after malignant cerebral infarction 7, 24, 25) .
Duration of hypothermia for malignant MCA infarction
Regarding the duration of hypothermia, animal studies have reported greater benefits with a longer duration of hypothermia in acute cerebral infarction 4, 34) , but the optimal duration of hypothermia is still unknown in clinical practice. In many hypothermia studies for neuroprotection in acute cerebral infarction, most patients were treated with hypothermia within three days 5, 11, 15, [18] [19] [20] . However, in the case of malignant MCA infarction, we propose that the duration of hypothermia will be longer than three days because the maximum cerebral oedema in malignant MCA infarction is usually present between the 2nd and 5th day after symptom onset and reaches a maximum on the 4th day in the majority of patients 8, 26, 27) . Severe cerebral oedemas of patients in the hypothermia group in this study were usually prolonged to five days after stroke onset, and some patients showed severe cerebral oedema seven days after stroke onset. In this study, we tried to maintain hypothermia longer than three days with a maximum duration of hypothermia of seven days. The duration of hypothermia was determined by findings obtained from follow-up CT scans and the condition of the patient.
Target temperature of hypothermia for malignant MCA infarction
Different levels of therapeutic hypothermia are defined : mild (>32°C), moderate (28-32°C), deep (20-28°C), profound (5-20°C), and ultraprofound (<5°C) 28) . Although a target temperature of 32-35°C has been used in the majority of clinical trials of hypothermia in acute cerebral infarction 5, 7, 11, 15, [18] [19] [20] 24, 25) , the optimal target temperature for neuroprotection or reduction of cerebral oedema is unknown. Therapeutic hypothermia has been widely studied for neuroprotection in patients who have been successfully resuscitated after cardiac arrest, and it is recently recommended for cardiac arrest patients in international resuscitation guidelines. A previous randomized controlled trial compared a target temperature of 33°C vs. 36°C in patients resuscitated after cardiac arrest, and reported that there were no significant differences between the two groups in the overall mortality rate and functional outcome at 6 months 21) . However, we propose that the optimal target temperature for a reduction in cerebral oedema in acute cerebral infarction is different with that for neuroprotection after cardiac arrest. Kollmar et al. 16) reported a U-shaped curve of effectiveness of hypothermia in acute cerebral infarction with 34°C, which yielded the best result. However, further research is required to evaluate the optimal target temperature and duration of hypothermia for patients with malignant MCA infarction.
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Timing of hypothermia for malignant MCA infarction
Similar to the uncertainty regarding the duration and target temperature of hypothermia, the optimal timing of starting hypothermia is unknown. Animal experiments and previous studies suggest that rapid initiation of hypothermia yielded greater benefits 31, 32) . However, in clinical practice, some patients with malignant MCA infarction showed a benign and stable course after early hemicraniectomy, and these patients did not require further invasive therapy, such as hypothermia. In this study, we started hypothermia as a last rescue treatment only when patients with malignant MCA infarction were expected to have poor prognosis after hemicraniectomy. Initiating hypothermia as soon as possible after stroke onset may potentially provide a better functional outcome by reducing final infarct size. However, applying hypothermia to patients with malignant MCA infarction should be carefully considered because hypothermia-related complications occur such as infection by immunosuppression, postoperative bleeding by coagulopathy, and other medical problems.
Hypothermia-related complications
In this study, infection problems, such as pneumonia and sepsis were more common in the hypothermia group, though there were no statistically significant differences between the two groups. Although a Cochrane Review on hypothermia for acute stroke reported a non-significant increase in the occurrence of infections related to hypothermia 6) , an ICTuS-L study showed a statistical increase in pneumonia in the hypothermia group compared with the normothermic group 11) . Cardiovascular problems, including bradycardia, hypotension, and arrhythmia occurred during hypothermia in this study, which was also reported in previous studies 1, 2) . These events may be harmful for maintaining appropriate cerebral blood flow in acute cerebral infarction. Reduced platelet function and coagulation enzyme activity during hypothermia has also been reported in previous studies, which can potentially increase the risk of haemorrhagic transformation and postoperative bleeding such as epidural or subdural haematoma after hemicraniectomy. In this study, there were no significant differences in the problems of haemorrhagic transformation and postoperative bleeding between the two groups. We think that meticulous control of bleeding during surgery and appropriate placement of the haemovac catheter are important.
Limitation
The main limitations of this study were its retrospective nature and non-contemporaneous control group. The baseline characteristics of both groups were not significantly different, but the selection bias can be in this study. However, hemicraniectomy and postoperative care were performed by the same neurosurgeons in a similar manner during this study. This study enrolled patients who underwent hemicraniectomy, which indicated that most patients did not have severe premorbidity or medical problems prior to hemicraniectomy. Furthermore, the overall mortality of patients with malignant MCA infarction decreased from 28.8% (early period) to 18.8% (later period) after implementation of the hypothermia strategy, and we propose that hypothermia is one important reason contributing to the decrease mortality in malignant MCA infarction. Another limitation of this study is that ICP monitoring was not used in this study. Current guideline suggests that routine ICP monitoring is not indicated in malignant MCA infarction 33) , and there does not appear to be any value of ICP monitoring in patients with malignant MCA infarction 23) . In patients with malignant MCA infarction, pupillary abnormalities and severe brain stem compression may be present despite normal ICP values 23) , and we think that serial follow-up CT scans and checking pupillary responses during hypothermia are important when deciding how long to undergo hypothermia. Another important limitation of this study was the small sample size, which was insufficient to reveal any conclusive benefits of hypothermia. Large randomized controlled trials are required to demonstrate its benefits in clinical practice.
CONCLUSION
In this study, hypothermia treatment contributed to the survival of patients with malignant MCA infarction when the patients showed neurological worsening due to the progression of cerebral oedema despite hemicraniectomy. Hypothermia after hemicraniectomy did not significantly increase the hypothermia related complications, such as infection, coagulopathy, and cardiovascular problems. This study suggests that hypothermia is a viable therapeutic option when a patient with malignant MCA infarction is expected to have poor prognosis after hemicraniectomy. However, further research is required to determine the optimal target temperature, timing and du-ration of hypothermia for patients with malignant MCA infarction.
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